Encapsulation of caffeic acid (CAA), ferulic acid (FEA) and sinapic acid (SIA) molecules with α-CD and β-CD was studied by UV-visible, fluorescence, time-resolved fluorescence and molecular modelling techniques. This analysis reports the dual emission properties of the above hydroxycinnamic acids (HCAs) in the aqueous cyclodextrin (CD) solution. The shorter wavelength bands originated from the locally excited state and the longer wavelength bands due to the emission from an intramolecular charge transfer (ICT) state. The ratio of the TICT emission to the normal emission increased along with α-CD and β-CD concentration. The guest:host inclusion complexation studies indicates (i) HCAs forms 1:1 inclusion complex and (ii) acrylic group present in the interior part of the CD cavity and OH/OCH 3 groups present in the upper part of the CD cavity. pH studies suggest proton transfer reactions follow the same trend in these molecules. PM3 optimizations were also carried out to assign the encapsulation of the HCA molecules.
Introduction
Cyclodextrins (CD) are cyclic oligosaccharides that form hydrophobic and restrictive cavities with hydrophilic external walls in aqueous solution, given those attractive dissimilar microenvironments with a capability to include guest molecules. The interesting and exciting phenomenon of intramolecular charge transfer (ICT) in many drugs and dyes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] has engendered a deep concentration in studying its photophysical properties in hydrophobic cavities of cyclodextrins. The dependence of ICT emission on environmental polarity, viscosity as well as rotational mobility of donor moiety makes these drugs and dyes molecules outstanding candidates [10] [11] [12] [13] [14] [15] [16] [17] [18] for examining microscopic molecular environments. Some guest molecules attribute the change in ICT emission to reduced polarity effect inside the cavity while others stress that the structure of inclusion complex and CD cavity constraint has a greater influence on ICT process than the local polarity. As the formation of ICT involves both rotations of donor moiety and micropolar environments the overall effect of CD encapsulation on photophysics of molecules seems to be complicated.
In our earlier communications, we reported the dual emission characteristics of many drugs and dyes [1] [2] [3] [4] [5] [6] [7] found that ICT and hydrogen bonding plays an important role in polar solvents and CD. The drug and dye molecules interestingly forms inclusion complex with cyclodextrin having a preferential orientation of the OH/methoxy group sticking outside in aqueous solvent and just the reverse is the case in nonaqueous solvent. We have been intrigued by this observation of preferential orientation and wanted to investigate the orientation and structure of α-CD and β-CD inclusion complex of these three HCA molecules. The driving force and the affinity of hydrogen bonding may not act similarly in a smaller cavity. This paper concerns the guest-host inclusion complex studies of α-CD and β-CD with caffeic acid (CAA, 3,4-dihydroxy-cinnamic acid), ferulic acid (FEA, 4-hydroxy-3-methoxycinnamic acid) and sinapic acid (SIA, 4-hydroxy-3,5dimethoxycinnamic acid) ( Fig. 1) . CAA, FEA and SIA are consists of both phenolic and acrylic functional groups. They are found in all plants because it is a key intermediate in the biosynthesis of lignin, one of the principal components of plant biomass and its residues [19] . These acids have a variety of potential pharmacological effects in vitro studies; i.e., antioxidant in vitro and also in vivo, inhibitory effect on cancer cell proliferation by oxidative mechanism [20] , immunomodulatory and anti-inflammatory activity, inhibits carcinogenesis, significant decrease in growth of colon tumors [21] , antibacterial [22] , antioxidant [23] , antitumor activity against breast cancer [24] and liver cancer [25] . Because of these importance of these acids, in this paper we studied the effect of α-CD and β-CD of caffeic acid (CAA), ferulic acid (FEA), and sinapic acid (SIA) were examined and the results are compared ( Fig. 1 ) by UV-visible, emission and PM3 methods.
Experimental section

Materials
CAA, FEA, SIA (hydroxy cinnamic acids, HCAs), α-CD and β-CD were purchased from Sigma-Aldrich chemical company and used without further purification. The purity of the compounds was checked for similar fluorescence spectra when excited with different wavelengths.
Preparation of CD Solution
The concentration of stock solution of the HCAs was 1 × 10-3 M. The stock solution (0.2 ml) was transferred into 10 ml volumetric flasks. To this, varying concentration of CD solution (1 × 10-3 to 1 × 10-2 M) was added. The mixed solution was diluted to 10 ml with triply distilled water and shaken thoroughly. The final concentration of guest molecules in all the flasks was 2 × 10-5 M. The experiments were carried out at room temperature at 300 K.
Instruments
Absorption spectral measurements were carried out with a Shimadzu (model UV 2600) UV-visible spectrophotometer and steady-state fluorescence measurements were made by using a
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Shimadzu spectrofluorimeter (model RF-5301). The excitation and emission slit widths for all the experiments are 10 nm. The fluorescence lifetime measurements were performed using a picoseconds laser and single photon counting setup from Jobin-Vyon IBH (Madras University, Chennai). pH of the solution was measured in a Elico pH meter model LI-120.
Molecular modeling studies
The theoretical calculations were executed with Gaussian 09W package. The ground state geometry of the CAA, FEA, SIA, α-CD and β-CD were builded with the help of Spartan 08 and then optimized by semiempirical PM3 method. CD was completely optimized by PM3 without any symmetry restriction. The glycosidic oxygen atoms of CD were placed onto the XY plane and their centre was defined as the centre of the coordination system. The primary hydroxyl groups were placed pointing toward the positive Z axis. The inclusion complex was constructed from the PM3 optimized CD and guest molecules. The longer dimension of the guest molecule was initially placed onto the Z axis. The position of the guest was determined by the Z coordinate of one selected atom of the guest. The inclusion process was simulated by putting the guest on one end of CD and then letting it pass through the CD cavities. Since the semiempirical PM3 method has been proved to be a powerful tool in the conformational study of CD inclusion complexes and has high computational efficiency, we selected semiempirical PM3 method to study the inclusion process of CDs with HCAs. With addition of α-CD and β-CD the absorption maxima shifts to longer wavelength with a gradual change in absorbance. All the HCA (CAA, FEA and SIA) molecules give structured absorption spectra. This shows that the hydroxy and methoxy groups are not effectively interacting much with the aromatic ring in the ground state. The above three HCA compounds can be considered as the derivatives of the cinnamic acid/ para hydroxycinnamic acid. In aqueous solutions, the absorption and emission maxima of the above HCAs are largely red shifted than that of cinnamic acid and para hydroxy cinnamic acid (CA: λ abs ~ 275, 221 nm, λ flu ~ 321, 301 nm; para hydroxy cinnamic acid: λ abs ~ 285, 218 nm, λ flu ~ 425, 326 nm).
Results and discussion
Absorption and fluorescence spectral studies
Upon increasing the α-CD concentration, the absorption intensities of the HCAs are to some extent increased and the absorption maxima are slightly red shifted whereas in β-CD it is largely red shifted (CAA: α-CD -λ abs ~ 313 to 316 nm, β-CD -λ abs ~ 313 to 330 nm; FEA: α-CDλ abs ~ 310 to 313 nm, β-CD -λ abs ~ 310 to 322 nm; SIA: α-CD -λ abs ~ 308 to 314 nm, β-CD -λ abs ~ 308 to 320 nm). With addition of α-CD and β-CD, the increase in absorbance along with red shift indicating the formation of guest:CD inclusion complex.
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ILCPA Volume 72 The above results showed that, the guest molecules were transferred from more protic environments (bulk aqueous phase) to less protic CD cavity environments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [26] [27] [28] [29] [30] [31] . Similar spectral shifts of all the HCAs showed that same type of the functional group is encapsulated and this functional group is interacted with the secondary hydroxyl groups of the CD.
The appearance of isosbestic point indicates the formation of a 1:1 host-guest type inclusion complex between the CDs and HCA molecules. For the guest:CD inclusion complexes, determination of the formation constant and the stoichiometry are important. Both parameters are calculated with the help of the Benesi-Hildebrand equation [32] . The formation constant (K) and stoichiometric ratio of the inclusion complex of the guest (HCAs) can be determined from the Benesi-Hildebrand relation assuming the formation of a 1:1 HCA: CD complex is
where ∆A is the difference between the absorbance of HCA in the presence and absence of CD, ∆E is the difference between the molar absorption coefficient of CD and the inclusion complex, [HCA] 0 and [CD] 0 are the initial concentration of HCA and CD respectively. The reciprocal of the absorbance/fluorescence intensity of the inclusion complex versus the reciprocal of CD concentration is excellent, because the formation constant and stoichiometry can be simultaneously obtained from the plot. Benesi-Hildebrand relation [26] [27] [28] [29] [30] [31] should give a straight indicates 1:1 inclusion complex to be formed in the ground and excited state. The CD free aqueous solution of the HCAs shows dual fluorescence, one around ~345 nm (shorter wavelength or normal band) with very low emission intensity and another band around 420 -445 nm (longer wavelength or ICT band) with slightly higher emission intensity of the HCAs. With an addition of both CDs, the shorter wavelength (SW) and longer wavelength (LW) emission intensities increases, however, the rate of enhancement of the LW emission intensity is greater than that for the SW emission wavelength. That is, with addition of α-CD and β-CD, the SW fluorescence intensity shows a little enhancement and the wavelength maximum was not significantly changed. However, the longer emission maximum shows a large enhancement with a red shift. The red shift as well as enhancement of the emission intensity of the LW band could be observed only when the concentration of α-CD and β-CD increased ( Fig. 2-4 ).
Emission spectra
In the HCA molecules, the enhancement of the fluorescence intensity is due to the formation of a HCA-CD inclusion complex. In the inclusion complex, HCA molecule is encapsulated in the non polar part of the CD cavity. Thus, in the HCA molecules, with an increase in the CD concentration the red shift is observed in the emission maximum ( Fig. 2 -4 ). The increase in the emission intensity and band width of the HCA molecule in the CD solutions suggest the formation of a 1:1 inclusion complex. As like in absorption, the formation constant value is determined from the slope and the intercept of the plot (Fig. 5 ). This formation constant value in the emission is greater than that obtained from the absorption, because the change in emission intensity upon addition of CD is significantly greater than the absorption. A significant raise in the LW emission intensity compared with the nearly constant absorbance or slight increase in SW suggest that intramolecular charge transfer (ICT) emission is increased in the presence of CD ( Fig. 2 -4 ). For example, in the presence of 1 × 10 -2 M CD, the emission intensity of HCA is two times greater than that in the absence
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ILCPA Volume 72 of CD. It should be noted that such a comparison is significant because of the small shift in the fluorescence and absorption spectra. A similar characteristic is also observed in various guests by various authors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Considering the length of HCA molecules and the CD cavities, one can expect two types of inclusion complex may be formed. The first type (type-1), OH/ OCH 3 group is projected towards the larger rim of the CD cavity representing a slightly polar and slightly rigid environment and the second type (type-2), the acrylic group of the HCAs are headed towards the smaller rim of the CD cavity representing a less polar and most rigid environment.
Let us consider the type-1 arrangement, the carbonyl group of HCAs are entrapped within the CD cavity, hence the HCA molecules are not form a hydrogen bond with the bulk aqueous solution.
In that case, the ICT state formation energy barrier increases due to the relatively less polar environment inside the CD cavity compared to water as a solvent. These will help an enhancement of the LW band but at the same time the SW will be less stabilized by solvation due to comparatively less polar environment inside the CD cavity causing an increase in the energy gap between the ICT state and low lying singlet state. Thus, the non-radiative decay rate from the ICT state increases causing an increase in the ICT intensity along with a red shift. The non polar CD cavity is capable of stabilizing the ICT state of HCA a lot by increasing its energy level by preventing the hydrogen bond with water and the carbonyl group of the guest. This will cause a decrease in non-radiative decay of ICT state and a increase in ICT emission band intensity.
In type-2 encapsulation, the cavity will impose a restriction about the free rotation of the OH/OCH 3 group in the excited state and the HCA molecule will face non polar environment causing a decrease in rate of charge transfer and thereby an enhancement of the normal emission (SW) band. For this type of complex carbonyl group making a hydrogen bond with the aqueous solution is very much possible as the carbonyl group is available in the bulk solution. Hence, the ICT emission intensity should be almost unaltered because the energy barrier to form ICT state not only depends upon rotation of OH/OCH 3 but also on hydrogen bonding between the guest and the water. The energy barrier for formation of ICT state does not change as long as hydrogen bonding is still possible [33] [34] [35] between HCA and water molecules. So the huge enhancement of the ICT state suggests that among these two types of orientations of HCA molecule inside the CD cavity results in a huge observed enhancement of the LW band with red band shift as it is emitted from the most nonpolar state of HCA and a small enhancement of the SW state without any spectral shift.
We know that the ICT state arises from the mutual orthogonal position of the two π-moieties, which transition is forbidden. The hydrogen bond formation of type-1 inclusion complex with water molecules is not possible because the C=O group is encapsulated in the CD cavity, which is not takes part in hydrogen bond formation. In type-2 inclusion complex, the OH/OCH 3 group faces a hindrance of its free rotation in the excited state of HCA, the energy barrier for formation of the ICT state does not change as long as hydrogen bonding is still possible between C=O and water molecules. So the SW band remains unaffected. When two π-moieties of the HCA are not in orthogonal position inside the CD cavity it causes an enhancement of radiative transition probability [33] [34] [35] of the ICT state and an increase in the ICT band. But the hydrogen bond formation of the C=O group of HCA with water molecules makes the ICT state more stable by lowering its energy level resulting in an extra red shift of the low energy (ICT) band. The observed feature when the excitation wavelength is decreased below 300 nm, the SW band intensity remains unaltered whereas the ICT band shows an enhancement along with a red shift. The gradual change in relative intensity and position of ICT bands imply that type 1 complex is more favoured than type -2 complex. In view of above discussion one can easily conclude that type 1 complexes are more favoured in the HCA molecules.
Fluorescence lifetime
Time resolved analysis of fluorescence decay shows that both drugs molecules were give biexponential in water as well as emission at 300 nm CD solutions. Table 1 summarizes the life time data and decay profile of the CAA, FEA and SIA drugs in aqueous and CD mediums, the International Letters of Chemistry, Physics and Astronomy Vol. 72 average life time <τ> was calculated using the equation (2) where τ is lifetimes of the component; a is the corresponding pre-exponential factors, and t is the time. 
In aqueous solution, with addition of CD, the decay time of the SW band does not changed but the decay time of ICT band increases which suggests the formation of HCA/CD inclusion complex. In the absence of CDs (or in aqueous medium) the life times to be 0.15 ns and 0.30 ns for SW and ICT state respectively for HCA molecules which were less than that of the CD medium. The decay of 300 nm was not significantly different to α-CD and β-CD concentrations. The decay time of the ICT component increases significantly from water to CD solutions while no significant change observed in the SW component of CAA, FEA and SIA molecules. The ICT emission decay in the water and CD exhibits a slow decay as a major decay component while normal emission is observed very fast. These decay behavior indicates in the presence of CD the HCA molecules ICT state is increased. The decay times of the ICT were higher than that of normal emission within experimental uncertainty. This indicated that the equilibrium was not achieved between the normal and the ICT states in water in a rather short period. However, in the presence of CD, the equilibrium between the normal and the ICT states was modified by the formation of the CD inclusion complexes. Thus, the above results confirm the formation of the ICT become more favorable in the CD solution compared than in the water. 
Effect of pH
The absorption and fluorescence spectra of HCA molecules have been studied in the H0/pH/H range of -1 to 11. The relevant data are given in Table 2 . With an increase in pH from 2.0, around pH 4.0 the absorption and emission maximum is blue shifted. The blue shift in the absorption and emission spectra below pH ~ 5 confirms that deprotonation takes place at the carboxyl group. Further increase the pH from 5, HCA molecules gives a newly blue shifted spectrum with the maximum. This suggests that formation of a dianion obtained by the deprotonation of the OH group. It is well known fact that deprotonation of COOH group gives blue shifted absorption and emission maxima whereas deprotonation of hydroxyl group gives red shifted absorption and emission maxima [27] [28] [29] [30] [31] . In the HCA molecules, unusual blue shift noticed in the hydroxyl anion indicating that carboxy monoanion decrease the interaction between the ionic substituent and the aromatic ring [26] [27] [28] [29] [30] [31] .
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Molecular modeling studies
In order to confom our experimental data and conclude the mode of inclusion, we performed molecular modeling investigation of the process of inclusion of CAA, FEA and SIA within α-CD and β-CD cavities by using Gaussian 09W software and the minimum energy structure of the complex is shown in Fig. 6 and the energy features were listed out in the Table 3 .
From the minimum energy, we predicts the inclusion complexes structure that the guests were involved (CAA, FEA and SIA) in one hydrogen bond listed in Fig. 6 , first one with the primary hydroxyl group and the second one is through glycosidic oxygen of α-CD and β-CD. The lowest energy structure reveals that CAA, FEA and SIA were included along the molecular axis of CDs, but its molecular axis were not exactly perpendicular to the CDs symmetry axis rather it were slightly tilted to allow maximum hydrogen bonding interactions between the host and the guest.
Acrylic group of the CAA, FEA and SIA enters deep into the CDs cavity and approaches the secondary hydroxyl rim of α-CD and β-CD. Fig. 6 reveals that both aromatic -OH/CH 3 group and carbonyl group of CAA, FEA and SIA are not form hydrogen bond with CDs and thus van der Waals forces and hydrophobic interactions stabilizes the inclusion complexes. Thus van der Waals forces and hydrophobic interactions are the main driving forces to form the inclusion complex along with the high enthalpy gain. The inner nanocavities of CDs were not absolutely hydrophobic rather its polarity was comparable to that of alcoholic solution [35] . Due to the presence of glycosidic oxygen and secondary and primary hydroxyl groups, CDs can accommodate polar substituent groups and these groups can readily form hydrogen bonds with the polar counterparts of the CDs. In fact it is well known that substituent of aromatic rings capable of H-bonding and it can find the -OH groups of the CDs edges. The energy involved in such hydrogen bonding interactions was responsible for the higher equilibrium or binding or association constants found these systems. The energy change accompanying the formation of the 1:1 HCA/CD complexes can be calculated by following equation
where E complex , E HCA , E CD are the energies of the complexes, the free (HCA) guest and free α-CD and β-CD (host) respectively. These provide quantitative measures of the interaction forces driving the complexation process. The most stable complex among all the configurations corresponds to the greatest negative value of ΔE. The energy of formation values and the changes in the energies of the host (CDs) and the guest (CAA, FEA and SIA) indicated favourable formation and increased stability of complexes. Moreover, it can be seen that the mutual host-guest interactions (E complex ) contribute greatly to ΔE and are crucial in determining the stability complexes [35, 36] . The results reveal that the energy of these complexes was consistently lower than the energy sum of isolated host and guest. The binding energy of CAA/α-CD and SIA/β-CD was -8.45 kJ mol -1 lower than that of other inclusion complexes. Thus from the above results, it appears that amongst the six inclusion complexes the above two are more stable.
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ILCPA Volume 72 The polarity of the CDs cavity was greatly decreased after the hydrophobic guest enters into the CDs cavity. As listed in Table 3 , the dipole moment of SIA/α-CD was 13.03 D which is higher than that of native α-CD and β-CD. The remaining inclusion complexes are lower than that of native CD values which means that the dipole moment of the complex have a closed relation with the polarity of the guest molecules [36] . E LUMO -E HOMO gap is an important stability index and chemicals with larger (E LUMO -E HOMO ) values tend to have higher stability [37] (Table 3) . Therefore, with the increase of the (E LUMO -E HOMO ) gap, the complexes formed are more stable, which agrees with the calculated results of the stability energies. It can also be seen that the (E LUMO-E HOMO ) gap of CAA/α-CD and SIA/β-CD was -8.45 kJ mol -1 lower than that of other inclusion complexes. FEA/β-CD inclusion complex was significantly more stable than the other three complexes by an energy difference of 23.37 eV. This results shows that FEA/β-CD complex is more stable than other complexes.
The statistical thermodynamic calculations were carried out at 1 atm pressure and 298.15 K temperature in vacuum and the results were listed in Table 3 . According to the experimental study, the ΔG for the all the inclusion process was found to be positive. The positive Gibbs free energy changes for all the inclusion complexes imply that the process are non spontaneous at the room temperature, although all the complexation reactions were exothermic judged from the negative enthalpy changes. The ΔG values are different from the calculated value. This discrepancy can be attributed, in part to the neglect the solvent effects in computational calculation as well as the hydrophobic effect that involves a gain in entropy due to the assimilation of the solvation water molecules by the medium after the inclusion takes place [38, 39] . The step of inclusion process should be more important in the complexation of CD with the hydrophobic substrate. Therefore, the Gibbs free energy obtained from static methods (as applied here) has no absolute meaning and should be considered only in a relative way.
The very small negative ΔH values indicated that the inclusion formations of the HCAs with CDs were an exothermic and enthalpy-driven ΔH > ΔS. It should be noted that ΔH and ΔS values contain contributions from (i) release of cavity found water, (ii) partial destruction of hydration shells of the reagents, (iii) non covalent interactions (van der Waals, hydrophobic and electrostatic interactions as well as hydrogen bonding and (iv) hydration of the complexes. All these process should be taken into account while discussing thermodynamic parameters of complex formation. It has been reported that the entropy of complexation depends on both the insertion of the drugs molecule and the concurrent displacement of water molecules that are trapped within the cyclodextrin cavity. Experimental results from X-ray [40] and neutron diffraction [41] as well as theoretical studies [42] have indicated that there are seven water molecules, on average, within the cyclodextrin cavity when in solution.
The enthalpy changes for the inclusion complexation of FEA/β-CD (-23.03 kJ mol -1 ) was more negative than that of other inclusion complexes, which was surely attributed to the more tightly van der Waals interactions between CD and guest [43] . Thus, we can conclude that the effect of the acrylic group upon the complexation is to strengthen the van der Waals interactions. The negative enthalpy changes together with the negative entropy changes suggest that both the inclusion processes are enthalpy-driven processes in nature. Table 4 presents the interesting bond distances, bond angles and the most interesting dihedral angles of the guests before and after complexation in α-CD and β-CD obtained from from the most stable structure (Fig. 6) . It was evident that in CD, the geometry of these guests was slightly altered. The alterations were significant in dihedral angles, which indicated that the drugs adopted a specific conformation to form a stable complex. Table 4 and Fig. 6 shows the intermolecular hydrogen bonding distance between the above groups with CD oxygens of the glucosidic bridges are greater than 3.0 Å conformed the guests should not bind to the oxygens of the glucosidic bridges, as such an interaction was observed for structure. Considering the shape and dimensions of the host, the guests may not be completely embedded into the CD cavity. Since the vertical distance and length of the guests were greater than the dimensions of the host, the guest molecules cannot be fully present inside of the CD cavity. Further, the optimized theoretical structure of the guest/CD inclusion complexes also confirmed the guest molecules are partially included present in the CD cavity.
Conclusion
Encapsulation of CAA, FEA and SIA with α-CD and β-CD has been studied by absorption, emission, time correlated single photon counting spectroscopy and molecular modeling. The CAA, FEA and SIA guests shows dual emission in the CD solution. The normal Stokes shifted bands originated from the locally excited state and the large Stokes shifted bands due to the emission from ICT state were observed. The ratio of the ICT emission to the normal emission increased with α-CD and β-CD concentration. CD studies indicates (i) HCAs forms 1:1 inclusion complex and (ii) acrylic group present in the interior part of the CD cavity and OH/OCH3 groups present in the upper part of the CD cavity. pH studies suggest proton transfer reactions follow the same trend in these molecules. The positive free energy change (ΔG) suggested that all these inclusion process were not spontaneous. The van der Waals and hydrophobic interactions were the driving force for the inclusion process and also responsible for the complexes stability. The statistical thermodynamic calculations suggested that these complex processes are enthalpically favorable in nature.
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